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Abstract 

The design of a solar parabolic dish concentrator is proposed based on an array of polyester mirror membrane facets that are clamped 
along their edges by elliptical rims and focused by applying a slight vacuum underneath the membranes, creating an ellipsoidal shape. 
The axes ratio of the elliptical rims varies with the position on the dish to approach the paraboloidal shape. The elastic mirror membrane 
deformation under uniform pressure load is simulated by finite element structural analysis and the resulting radiative flux distribution at 
the focal plane of the dish is determined by the Monte Carlo ray-tracing technique. Optimization of the membrane deflection is accom¬ 
plished for maximum solar flux concentration at the focal plane. Two dish geometries are examined: (i) a 1.5-m radius 3-m focal length 
small dish, comprising 19 facets of 0.275-m radius with four different curvatures, yielding a peak solar concentration ratio of 5515 suns 
and a mean solar concentration ratio of 1435 suns with an intercept factor of 90% over a 3-cm radius disk target and (ii) a 10.9-m radius 
11-m focal length large dish, comprising 121 facets of 0.9-m radius with 15 different curvatures, yielding a peak solar concentration ratio 
of 23,546 suns and mean solar concentration ratio of 8199 suns with an intercept factor of 90% over a 10.4-cm radius disk target. The 
performance of the second geometry is compared to that of the more conventional design of a multi-facet dish concentrator consisting of 
identical circular facets and shown to reach - on the same target area - a 12% higher mean solar concentration ratio as well as a 6.6% 
higher intercept factor. The simulated membrane shape is experimentally verified with photogrammetrical measurements carried out on a 
prototype facet of the small dish. 

©2011 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Besides modularity, solar parabolic dish concentrators 
offer high solar concentration ratios and hence high operat¬ 
ing temperatures, leading to high solar-to-electricity efficien¬ 
cies (DeMeo, 1997; Mancini et al., 2003; Schlaich, 1999; 
Stine, 1993). In order to reduce material demands, 
stretched-membrane dishes have been developed, typically 
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consisting of a thin (~0.1 mm) stainless steel support mem¬ 
brane that is spanned over a circular steel ring in a drum-like 
arrangement. Back-surface coated thin-glass mirror seg¬ 
ments (Beninga et al., 1995; Schiel et al., 1994) or metallized 
polymer membrane mirrors (Beninga et al., 1995; Solar 
Kinetics, 1991) are attached to the steel support membrane. 
An exception is the 7.5 kW dish developed by Cummins 
Power Generation, Inc., which uses freely spanned thin 
polymer membranes (Bean and Diver, 1995), omitting the 
steel support membrane. Single-facet dish designs have 
/-numbers ,/dish/Aiish < 1 and feature membranes that are 
deformed plastically by means of both uniform and 
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Nomenclature 



^dish,mirror projected dish mirror area (nr) 

-^facet 

radius of projected facet boundary (m) 

C 

solar concentration ratio 

fVel 

electric power (kW) 

r 

^mean 

area-weighted mean solar concentration ratio 

-^target 

radius of target (m) 

c 

'-'mean 

ideal area-weighted mean solar concentration ratio 




over a flat disk target area, dimensioned to inter- 

Greek symbols 


cept all solar radiation reflected by an ideal 

cc 

angle (°) 


paraboloidal concentrator 

y 

intercept factor 

Cpeak,ideal peak solar concentration ratio at the focal 

'/parasitics parasitic energy loss coefficient 


plane of an ideal paraboloidal concentrator 

^receiver 

receiver thermal efficiency 

D 

diameter (m) 

<7soiar-to-eiectricit y solar-to-electric energy conversion effi- 

f 

focal length (m) 


ciency 

/-number ratio of focal length to diameter of dish or fa- 

^Stirling 

efficiency of Stirling engine 


cet 

0 rim 

rim angle of dish (°) 

E 

Young’s modulus (MPa) 

^sun 

solar cone half-angle (0.267°) (°) 

G 

shear modulus (MPa) 

4>o 

azimuthal center point coordinate of facet 

i 

facet index 


boundary (m) 

Aun 

direct normal solar irradiation (DNI) (kW/m 2 ) 

p 

reflectivity 

Aarget 

local radiative flux on the target (kW/m 2 ) 

V 

Poisson ratio 

P boundary point on facet boundary, 

<P 

circumferential coordinate 


^boundary (■^•boundary? ^boundary? ^boundary) (m) 



r 

radial coordinate (m) 

Abbreviations 

r 0 

radial center point coordinate of facet boundary 

MC 

Monte Carlo 


(m) 

FE 

finite element 

x,y,z 

Cartesian coordinates 




non-uniform loading to an approximate parabolic shape 
(Stine, 1993). In contrast, multi-facet dish designs have/- 
numbers of individual facets /facet/Aacet = 6, allowing the 
membranes to be focused via elastic membrane deflection 
by applying uniform loading. In both cases, the deflected 
facet shape is maintained during operation by applying a 
slight vacuum underneath the membrane. 

This paper deals with the optical design and analysis of a 
dish concentrator that is based on aluminized polyester mir¬ 
ror membranes which are spanned freely inside planar ellip¬ 
tical support rims, arranged on a paraboloidal surface, and 
focused by applying a small vacuum beneath each of the 
membranes. This yields approximate ellipsoidal mirror facet 
shapes that approach the ideal paraboloidal surface. 
Deformed facet shapes under uniform pressure loads are cal¬ 
culated by finite element (FE) analysis and resulting focal 
radiative flux distributions are determined by Monte Carlo 
(MC) ray-tracing. The optimum pressure loads to be applied 
to the facets are determined for maximum radiative flux con¬ 
centration at the target plane. The performance of the pro¬ 
posed dish design with elliptical facet rims is compared to 
the more common design with circular rims. Numerical 
results are validated with photogrammetric shape measure¬ 
ments on a prototype facet. 

2. Optical design 

Two dish geometries are investigated: (a) a small dish 
with 1.5-m radius and 3-m focal length, comprised of 19 


facets with four different facet curvatures, and (b) a large 
dish with 10.9-m radius and 11-m focal length, comprised 
of 121 facets with 15 different curvatures. The number of 
facets resulted from a trade-off between optical efficiency, 
dish surface coverage, and manufacturing costs. Facets 
are arranged on the projected dish area as shown in 
Fig. 1. The intersection of a paraboloid of revolution with 
parallel cylinders yields planar elliptical facet perimeters 
with constant minor axes aligned tangentially to the 
paraboloid’s circumference, and with major axes oriented 
radially and increasing in length with the radial position 
of the facet. The boundary of facet i is described in 3D by: 


boundary,/ 


^ -^boundary,/ \ 
./boundary,/ 

\ ^boundary,/ ) 


/ n>,/ cos <p 0 i + /{facet COS a \ 

r (l j sin cp 0 i + /{f ace t sin a 

y ^boundary,/ T /'boundary,;^ /^/ ) 


0 ^ a. St 2n (1) 


where r 0 ,i and cp 0 j are radial and azimuthal center point 
coordinates of the boundary of facet i (Fig. 1) and /{ fact 
is the radius of the projected facet area: /{ fact = 0.275 m 
for the small dish and /{ fact = 0.9 m for the large dish. As 
an example, the facet geometries of the small dish are given 
in Table 1. While the ratio of semi-major to semi-minor 
axes is close to unity for all facets of the small dish, it 
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Fig. 1. Facets arrangement: (a) small dish with 1.5-m radius and 3-m focal length (28°-rim angle), comprising 19 facets with four different facet curvatures; 
(b) large dish with 10.9-m radius and 11-m focal length (53°-rim angle), comprising 121 facets with 15 different curvatures. 


Table 1 


Facet types and number of facets of each type contained by the dish, center point coordinates of facet perimeters r 0 , q>o, length and slope 
of semi-major axes of elliptical facet perimeter for the small dish design (Fig. la). 


Facet 

type 

No. of 
facets 

Radial coordinate of facet 
center point r 0 (m) 

Azimuthal coordinate of facet 
center point <p 0 , (°) 

Length of semi¬ 
major axis (m) 

Slope of major 
axis (°) 

I 

1 

0 

0 

0.275 

0 

II 

6 

0.6 

0,60,120,180,240,300 

0.276 

5.71 

III 

6 

1.04 

30,90,150,210,270,330 

0.279 

9.82 

IV 

6 

1.2 

0,60,120,180,240,300 

0.280 

11.31 


reaches up to 1.1 in case of the large dish due to its in¬ 
creased rim angle. 

The solar concentration ratio, C, is defined as the radi¬ 
ative flux at the focus, normalized to the direct normal 
solar irradiation / sun . For an ideal paraboloidal concentra¬ 
tor (no mirror imperfections or tracking errors, perfectly 
specular) of rim angle <^> rim , C is maximum and uniform 
within the paraxial image of the sun at the focal plane: 
the so-called “hot spot” (Bliss, 1957): 

Cpeak,ideal = 4 sin 2 (0 rim )/(20 slm ) 2 (2) 

where 0 sun = 4.66 mrad. The area-weighted mean solar 
concentration ratio on a circular disk target is defined as: 

] j r R target 

F'mcan — ~Z Zy? ’ / Target (j ) ' r dl (3) 

Tun 7m target J 0 

where Target is the local radiative flux on the target and 
^target is the target radius. For an ideal paraboloidal con¬ 
centrator with a target dimensioned to intercept all radia¬ 
tion reflected by the concentrator: 

^ sin 2 ((/> nm ) cos 2 (</> rim + 0 sun ) 

'- / mean,ideal — . i/n \ V V 

sm (0 sun ) 

Tmean,ideal is maximized for m « 45°. (Rabl, 1976) Small 
rim angles result in a less curved dish surface, which can be 
well approximated by membranes stretched on circular or 
elliptical facets subjected to differential pressure (Fichter, 
1997). In the present case, (prim — 28° is chosen for the 
small dish to facilitate approximation of the paraboloid 
with a small number of facets, while (p rim = 53° is chosen 


for the large dish containing a larger number of facets in 
order to reach higher concentrations. 

Nonlinear structural deformation analyses of the mem¬ 
branes were conducted by applying 10 5 and 10 6 incremen¬ 
tal load steps for small and large dish, respectively, with 
up to 200 iterations in each step (ANSYS® 12.0). The 
material was modeled orthotropic with Young’s modulus 
and Poisson's ratio given by the membrane manufacturer 
in machine and transversal direction. Since the material 
has near-isotropic properties, the shear moduli were cal¬ 
culated with the relation for isotropic materials, 
G = 0.5E/(l + v) (Brockenbrough and Merritt, 1994). 
Tri-mesh elements (SHELL 281) were used to facilitate 
calculation of surface normal vectors on the deformed ele¬ 
ments for subsequent ray-tracing analyses. A grid conver¬ 
gence analysis performed to minimize the discretization 
error indicated that an element edge length of 1 and 
3 cm for the small and large dish facets, respectively, 
yields approximately 6500 elements per facet and delivers 
an optical performance approaching that of the non-dis- 
cretized shape for an ideal facet. Fixed translational and 
free rotational degrees of freedom were applied at the 
membrane boundaries, due to negligible stiffness of the 
membranes (thickness: 50 pm). Uniform pressure loads 
were applied to the membranes and optimized for maxi¬ 
mum C mean on the target area by iterating between FE 
and MC ray-tracing analyses. 

MC is applied for each facet type to determine the 
distribution of C at the focal plane as well as C mean as func¬ 
tions of radius r of the disk target positioned at the focal 
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Fig. 2. Solar concentration ratio C, mean solar concentration ratio C mean , and intercept factor y, as functions of the radial distance r from the target 
center, for the optimized small dish, an ideal paraboloidal concentrator, and an ideal faceted paraboloidal concentrator. 


plane (Siegel and Howell, 2002). Also computed is the 
intercept factor y, defined as the percentage of solar radia¬ 
tion incident on the target plane that is captured by the 
target, as a function of radius r. As r increases, y 
approaches 100%. Numerical description of the deformed 
membranes is given by the node triples spanning each mesh 
element. Surface normal vectors are derived from the node 
positions. Incident rays are distributed over the surface 
elements in proportion to the projected element areas, 
and specularly reflected (with p= 1) from the element’s 
center of gravity. The sunshape model (Buie, 2003) with 
circumsolar ratio of 5% is used to determine the rays inci¬ 
dence direction on the dish. For simplicity, shading by the 
target, mirror specularity errors, tracking errors, and recei¬ 
ver misalignment are omitted from consideration; these are 
obviously important for the overall system performance, 
but their exclusion do not affect the main conclusions of 
this analysis. Contributions of all facets are summed up 
to determine the total focal radiative flux distribution for 
the entire dish. 10 7 sunrays are used in each MC run, result¬ 
ing in a statistical error below 0.1%. 

3. Results 

Fig. 2 shows the C-distribution, C mean (r), and y(r) for 
the optimized small dish. Also shown are the results 
obtained for an ideal paraboloidal concentrator and for a 
faceted concentrator with facets that coincide exactly with 
the paraboloid of revolution and have cross-sectional areas 
equal to those of the proposed design. The small dish 
reaches C mean = 1435 suns and y = 90% on a 3-cm radius 
target. The corresponding values are 2605 suns and 
97.4% for the ideal parabolic dish, and 1663 suns and 
97.4% for the ideal faceted paraboloidal concentrator. 
Note that 63.9% of the projected small dish area is covered 


with mirrors, hence 36.1% of the solar radiation incident 
on the dish is lost through spaces between the facets. The 
radiative flux distribution has a typical Gaussian shape 
due to optical imperfections. Solar cavity-receivers can be 
designed to homogenize the flux on the absorber after mul¬ 
tiple internal reflections. Secondary concentrators (e.g. 
CPC) or optical mixers could be implemented for applica¬ 
tions requiring a pill-box distribution (e.g. concentrated 
photovoltaics). 

Optimum differential pressures to be applied to the non- 
prestressed facets of the small dish are 42, 41, 39, and 38 Pa 
for facet types I, II, III, and IV, respectively (see Fig. 1). 
Optimum membrane deflections and hence optimum differ¬ 
ential pressures decrease with radial position of the facets, 
in accordance with the decreasing curvature of an ideal 
paraboloid. The resulting maximum stresses occurring in 
the membranes are judged against the membrane’s tensile 
strength and resistance to creep and found to be acceptably 
low. 

The results for the large dish are shown in Fig. 3. On a 
10.4-cm radius target, C mean = 8199 suns and y = 90%. 
Corresponding values are 10,679 suns and 97% for the 
ideal paraboloidal concentrator, and 8778 suns and 97% 
for the ideal faceted paraboloidal concentrator. 82.2% of 
the projected large dish area is covered with mirrors, hence 
17.8% of the solar radiation incident on the large dish is 
lost between the facets. For the same y, the large dish 
reaches more than five times higher C mean than the small 
dish. This is due to its larger rim angle and the increased 
number of facets used, leading to a better covering of the 
projected dish area with mirrors and better approximation 
of the paraboloidal shape with facets. 

For the large dish, the proposed design with different 
elliptical facets is compared to the more conventional design 
with identical circular facets. The dimension of all of the 
facets for the latter case is identical to the facet type placed 
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Fig. 3. Solar concentration ratio C, mean solar concentration ratio C mea m and intercept factor y as functions of radial distance r from the target center, for 
the optimized large dish, an ideal paraboloidal concentrator, and an ideal faceted paraboloidal concentrator. 
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Fig. 4. Maximum achievable mean solar concentration C mean on a 10-cm radius target on the focal plane as a function of facet position on the dish, for the 
proposed design with varying elliptical facets (•) and for the more common design with identical circular facets (A). 


in the center of the paraboloid, denoted by 1 in Fig. lb. The 
projected area of all of the facets of the proposed design is a 
circle. In contrast, the projected area of the circular rims is - 
with exception of the center facet - an ellipse, resulting in an 
overall 5% worse coverage of the paraboloid surface with 
respect to the proposed design. For both cases, the mean 
solar concentration ratio of every facet type (depending 
on its position on the dish) is optimized for a 10-cm radius 
circular target area on the focal plane. The results are plot¬ 
ted in Fig. 4. For both cases, the mean concentration 
decreases with increasing radial position due to off-axis 
aberrations. Flowever, the increasing difference in the 
achievable mean concentration between the two cases with 
increasing distance from the paraboloid center shows that 


elliptical rims approximate the parabolic shape better than 
circular rims. For the facets close to the center of the dish 
the mean concentrations are comparable for both cases. 
However, for facet type #15, placed the farthest away from 
the paraboloid center, the difference is 42%. Its projected 
area is 9% larger for the elliptical case. The dents in the 
curve, especially noticeable at the points corresponding to 
facet types 7, 12, and 14, are due to the varying radii of 
the concentric circles on which the centers of the facets 
are placed, as indicated in Fig. lb. 

The local and mean concentration profile as well as the 
intercept factor on the focal plane for the two cases is 
shown in Fig. 5. During the optimization process, each 
facet type is optimized for maximum C mean on a 10 cm 
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Fig. 5. Solar concentration ratio C, mean solar concentration ratio C mean , and intercept factor y as functions of radial distance r from the target center, for 
the optimized large dish with elliptical facet rims and with identical circular facet rims. 


Table 2 

Parameters used to estimate electric power output of dish/Stirling engine 
system; receiver efficiency, Stirling engine efficiency, and parasitic loss 
coefficient are estimates based on the data given by Stine (1993) and Noyes 


(1990) for the 50 kW dish/Stirling system. 

mirror reflectivity p 0.92 

projected dish area covered with mirrors A dish.mirror (nr) 307.9 

Solar flux 7 sun (kW/rn 2 ) 0.9 

intercept factor y 0.9 

receiver efficiency ij rece i ver (Stine, 1993) 0.8 

Stirling engine efficiency Stirling (Stine, 1993) 0.42 

parasitic loss coefficient (; par asitios (Noyes, 1990) 0.9 


radius target. The overall dish is designed for y = 90%, 
which corresponds to a 10.4 cm radius target. With ellipti¬ 
cal facets and hence better approximation of the ideal 
paraboloidal surface, the intercept factor y and the mean 
concentration C raea n on a 10.4-cm radius target are 6.6% 
and 12% higher, respectively. The peak concentration is 
37% higher for the case with elliptical rims. 

If the solar concentrator is coupled with a Stirling 
engine, the electric power output is calculated from: 

IT e i — P^ldish .mirrorTun 7 7 receiver 7 Stirling 7 parasit ics ( 5 ) 

With the parameters listed in Table 2, an electric power 
output of W e i = 69.4 kW can be achieved, corresponding 
to a solar-to-electrical energy conversion efficiency of 

^lsolar-to-electricity 25 / 0 . 

4. Experimental validation 

In order to verify the simulated deformed membrane 
shapes, a prototype facet of type IV of the small dish, as indi¬ 
cated in Fig. la, was fabricated using 50 pm-thick Mylar® 
polyester mirror membrane. The experimental setup is 
shown in Fig. 6a. The mirror membrane is pre-stressed 


and clamped between two identical elliptical rings with 
dimensions given in Table 1. A gas tight enclosure below 
the membrane is created by attaching a steel plate to the 
lower ring. The enclosure is evacuated with a fan to create 
a uniform pressure load on the membrane. Pressure is mea¬ 
sured with a pressure transmitter by SensorTechnics (range 
0-70 mbar, accuracy ±0.05 mbar). 3D coordinates of 188 
points on the membrane surface are measured by photo- 
grammetry (Eos Systems Inc., PhotoModeler 6) using a 
Nikon D80 camera (resolution 3872 x 2592, focal length 
18 mm, precision 1:30’000) (Shortis and Johnston, 1996). 
The average absolute error of the photogrammetric mea¬ 
surements is 0.02 mm. The surface is modeled with a 3D sur¬ 
face fit (gridht.m, John D’Errico © 2006) based on the 
measured surface points for use in the ray-tracing simula¬ 
tion. To remove corrugations in the membrane, the mem¬ 
brane is pre-stressed prior to the experiments by exposing 
the facet assembly to 250 °C hot air in an oven for 30 s. 
Fig. 6b shows the simulated C mean on a 3-cm radius disk tar¬ 
get as a function of the applied pressure load obtained with 
the experimentally determined facet shape. Optimum mem¬ 
brane deformation is reached at a differential pressure of 
139 Pa (vs. 38 Pa for the non-prestressed membrane), yield¬ 
ing C mean = 80. With the optimum simulated shape 
obtained with FE analysis, the corresponding C mea n is 80 
as well. 

Fig. 7 shows the C-distribution and intercept factor y as 
a function of target radius r for facet type IV of the small 
dish. Shown are the curves for the measured and simulated 
optimum shapes, and the curve for the ideal paraboloidal 
shape. The slope error field for the two cases with respect 
to the ideal paraboloidal shape is illustrated in Fig. 8. 
For both cases, the slope errors are largest on the edge of 
the facet, decrease to a minimum, rise again slightly, and 
reach the lowest value in the facet center. The root mean 
square of the slope angle deviations is 2.2 mrad between 
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Fig. 6. (a) Experimental setup to measure the deflected facet shape under uniform pressure load using photogrammetry; (b) C mean on a 3-cm radius disk 
target as a function of the applied pressure load obtained with the experimentally determined facet shape. 
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Fig. 7. Solar flux concentration C and intercept factor y as functions of radial distance from the target center, for measured and simulated facet IV shapes, 
and for the corresponding ideal paraboloidal facet shape. 



Fig. 8. Slope error field with respect to ideal paraboloidal surface for (a) with FE analysis simulated shape and (b) the photogrammetrically measured 
shape. 
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simulated and ideal paraboloidal shapes, and 2.8 mrad 
between photogrammetrically measured and ideal parabo¬ 
loidal shapes. The close values for the two cases also agree 
well with the similar concentration profile obtained by the 
two shapes via Monte Carlo ray-tracing, as illustrated in 
Fig. 7. 

Best agreement of the measured and simulated flux dis¬ 
tributions was obtained when (microscopic) imperfections 
in mirror surface and specularity are omitted, indicating 
that both effects are negligible compared to those caused 
by macroscopic mirror shape imperfections, as observed 
in a previous study (Bader et al., 2009). 

5. Conclusions and outlook 

We analyzed the optics of a solar dish concentrator 
made of pneumatically deflected polyester membrane mir¬ 
ror facets mounted on elliptical frames. Membrane deflec¬ 
tions were optimized for maximum solar concentration 
ratio using coupled FE structural and MC ray-tracing sim¬ 
ulations. A small dish with 1.5-m radius and 28°-rim angle 
captures 90% of the incident solar radiation on a 3-cm 
radius target at an average solar concentration ratio of 
1435 suns. Improved results are obtained with a 10.9-m 
radius dish with 53°-rim angle, capturing 90% of the inci¬ 
dent solar radiation on an 10.4-cm radius target at an aver¬ 
age solar concentration ratio of 8199 suns. Reference 
values obtained with ideal paraboloidal concentrators are 
97.4% and 2605 suns for the small dish, and 97% and 
10,679 suns for the large dish. Superior performance of 
the large dish vis-a-vis the small dish is due to its larger 
rim angle, better covering of the dish surface by the mirror 
facets, and closer approximation to the ideal paraboloidal 
shape using a larger number of (comparatively smaller) fac¬ 
ets. Small differential pressures of a few mbar are sufficient 
to focus the facets, thus reducing the loads exerted on the 
support rim and air leakage into the evacuated space. Sim¬ 
ulations were verified with photogrammetric measurements 
on a prototype facet. To protect the thin mirror mem¬ 
branes from wind, rain, and dust, the mirror setup can be 
enclosed by an inflated air bubble made from transparent 
ETFE-material, similar to a novel parabolic trough con¬ 
centrator (Bader et al., 2009), which has proven satisfac¬ 
tory durability in outdoor applications and resistance to 
UV-light and abrasion. The performance of the proposed 
large dish design with elliptical facet rims is compared to 
the more common design with circular rims. On a 10.4- 


cm radius target, the dish captures 6.6% more radiation 
and reaches 12% higher average concentration with ellipti¬ 
cal facets vis-a-vis circular facets. 
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